As boron nitride nanotubes (BNNTs) find increased use in numerous applications, potential adverse health effects of BNNT exposure are a growing concern. Current in vitro cytotoxicity studies on BNNTs are inconsistent and even contradictory, likely due to the lack of reference materials, standardized characterization methods and measurement protocols. New approaches, particularly with the potential to reliably relate in vitro to in vivo studies, are critically needed. This work introduces a novel atomic force microscopy (AFM)-based cardiomyocyte assay that reliably assesses the cytotoxicity of a wellcharacterized boron nitride nanotube reference material, code named BNNT-1. High energy probe sonication was used to modify and control the length of BNNT-1. The polymer polyethylenimine (PEI) was used concurrently with sonication to produce stable, aqueous dispersions of BNNT-1. These dispersions were used to perform a systematic analysis on both the length and height of BNNT-1 via a correlated characterization approach of dynamic light scattering (DLS) and AFM. Cytotoxicity studies using the novel cardiomyocyte AFM model were in agreement with traditional colorimetric cell metabolic assays, both revealing a correlation between tube length and cytotoxicity with longer tubes having higher cytotoxicity. In addition to the size-dependent cytotoxicity, it was found that BNNT-1 exhibits concentration and cell-line dependent cytotoxic effects.
Introduction
Boron nitride nanotubes (BNNTs) are an emerging class of nanomaterials that exhibit a wide range of exceptional properties. BNNTs are isoelectronic to carbon nanotubes (CNTs) with B-N pairs replacing pairs of carbon atoms. 1, 2 BNNTs are hydrophobic and exhibit higher levels of chemical and thermal stability than CNTs. For example, they have high thermal conductivity and resist oxidation up to 950 C. [2] [3] [4] [5] In addition, being boron rich, they demonstrate the ability to absorb neutron radiation. 3, 6, 7 Because of these exceptional properties, their application has been frequently explored in a variety of elds, such as biomedicine, [8] [9] [10] [11] [12] composite and aerospace engineering, [13] [14] [15] and nano-electronics.
2
While BNNTs have great potential in many elds, furthering their development has proven difficult, particularly in the eld of biotechnology due to inconclusive knowledge about their toxicity. There are many discrepancies in the reports on the cytotoxicity of BNNTs (Table S1 †), which can be attributed to the differences in the source of materials, the materials' physical characteristics and a lack of standardized measurement protocols. To resolve these inconsistencies, it is imperative that cytotoxicity tests are performed using well-characterized and readily available boron nitride nanotube reference materials. According to the International Organization for Standardization (ISO), a reference material (RM) should be characterized using a metrologically sound procedure for specic properties.
16 Size is typically the most thoroughly characterized property for nanoscale RMs. For nanomaterials used in biological and medical applications, it is important that the cytotoxicity is investigated to understand and reduce potential health risks. This is especially true for BNNTs as various medical applications such as orthopedic implants, 7 dental adhesive materials, process from hexagonal boron nitride powder, 19 is currently developing the rst boron nitride nanotube RM, code named BNNT-1, 20 which will facilitate comparative inter-laboratory studies, such as cytotoxicity and application developments.
Physical characterization of BNNT-1 has proven to be challenging. In particular, due to their extreme hydrophobicity, obtaining a stable, aqueous dispersion of pristine BNNTs is difficult, hindering systematic characterization and cytotoxicity studies.
2 A common method used to minimize aggregation in aqueous media is the use of polymers as dispersion agents. Non-covalent dispersion agents and surfactants contain hydrophilic moieties that adsorb onto the surface of BNNTs through intermolecular forces. Polyethylenimine (PEI), 18 PEGylated phospholipids, 21 and Tween 80 (ref. 22 ) are examples of non-covalent dispersion agents that have previously been used by various groups to produce aqueous dispersions of BNNTs. Of the many types of dispersants available, non-ionic dispersants are favoured when being used in biological systems since they are largely non-toxic and have favourable interactions with lipid membranes. 23 PEI is an example of a non-toxic (at relevant concentrations of <0.01 wt%) and non-ionic dispersant which has previously been shown to stabilize BNNTs for cytotoxicity evaluations. 18 Surface functionalization and modication of BNNTs 24 with polymers has allowed for the production of stable dispersions, though it should be noted that these modications are potentially capable of masking the cytotoxic effects of BNNTs.
14 In addition to the thorough understanding of the asproduced BNNT-1 candidate reference material's characteristics, post-production processing, in particular modication of the length and aspect ratio of BNNTs, is important for their use in a variety of applications. For example, BNNTs in the hundred micrometre range have been used extensively for strengthening composite materials, 25 while shorter nanotubes are more desirable for biological applications due to their perceived cytocompatibility. 22, 26, 27 The length of BNNTs is typically controlled at the synthesis stage by varying the production conditions; however, it is difficult to achieve a narrow distribution of length at this stage.
2 Greater control of length and a more monodisperse population of BNNTs may be achieved by post-synthesis manipulation, for example by methods such as AFM cutting 28 and prolonged bath sonication. 21 In the present study, BNNT-1 was successfully processed by probe sonication producing shorter nanotubes than originally synthesized and with a narrower size distribution.
By performing cytotoxicity measurements using BNNTs with controlled and well-characterized properties, it will be possible to resolve the previously mentioned inconsistencies in cytotoxicity, in particular the size dependence of cytotoxicity, facilitating development of protocols for safe handling of the material and use in biological applications. However, there is no clear consensus on how to measure the cytotoxicity, as each commonly used method has its own advantages and disadvantages which can impact the measurements (see ESI Table  S1 † and all references there). Therefore, it is highly desirable that new and more robust methods for reliable measurements of BNNT-1 cytotoxicity are developed. To this end, an AFMbased cardiomyocyte cell assay was applied to probe the beating pattern of cardiomyocytes, which is an indicator of BNNT-1 cytotoxicity. This new approach was previously developed by our group to probe the effects of heart medications on the arrhythmic changes in cardiomyocyte beatings. 29 Similar studies have been performed by us and other groups with various small molecules. [29] [30] [31] Although we have developed this method for pre-screening in the early drug development stage, 29 here it is adapted to probe the cytotoxicity of nanomaterials. This new method is cross-examined with traditional metabolic assays and both approaches can reveal cytotoxicity trends and be further correlated. In addition, polymer modication is applied to the BNNT-1 RM, in order to create stable aqueous dispersions with high concentrations that are suitable for size and cytotoxicity measurements. Manipulation by probe sonication with controlled energy is also performed to modify the length of BNNT-1, which was assessed by both dynamic light scattering (DLS) and AFM imaging analysis.
Experimental section

BNNT-1 synthesis & aqueous dispersion
Boron nitride nanotubes were synthesized using a hydrogencatalyzed induction thermal plasma process using pure hexagonal boron nitride powder as feedstock. 19, 32 This is a high yield method that allows for the production of few-walled, highly crystalline, high-quality and small diameter BNNTs.
19,32 A large amount of BNNTs (>50 g) were puried, homogenized and bottled under controlled humidity and temperature, followed by low dosage gamma irradiation to produce the reference material code named BNNT-1. To create an aqueous dispersion, 5 to 10 mg of BNNT-1 was weighed into a 20 mL glass scintillation vial. An appropriate amount of PEI (molar mass of 750k, Sigma-Aldrich, USA) was diluted to a nal concentration of 0.01 wt% using Milli-Q water before being added to BNNT-1 to create a 0.5 mg mL À1 dispersion. The vial was sonicated in a bath sonicator (Fisher Scientic, USA) at 45 C for 15 to 20 min until no visible individual particles were apparent.
Dispersion stability measurements
The stability of the BNNT-1 dispersion was evaluated with a Turbiscan™ LAB stability analyzer (Formulaction SA, France). Dispersions were equilibrated at 37 C for 30 min before being transferred to the Turbiscan™ LAB analyzer where they were maintained at 37 C and periodically monitored over a span of 24 h, as these are the conditions that were used for toxicity measurements. Transmission and backscattering proles were regularly measured at 40 mm intervals along the vessel height during this time period. Further experimental details, including the protocol for stability tests in cell culture media, can be found in the ESI. †
Probe sonication of BNNT-1 5 mL of the 0.5 mg mL À1 BNNT-1 dispersion was transferred to a 15 mL plastic centrifuge tube (Falcon, USA). The dispersion was submerged in an ice-water bath ($4 C) and processed with an ultrasonic processor equipped with a 6 mm probe (ColeParmer, USA) at an average power of 10 W, per the output display. The sample was sonicated in intervals of 10 min with at least a 1 min break between intervals to prevent excessive heating of the sample. 4 mL aliquots were removed at 0, 5, 10, 20, 30, 45, 50, 60, 90 and 120 min sonication time points for DLS measurements.
DLS measurements
DLS characterization was performed using a Zetasizer Nano ZS (red) particle size analyzer (Malvern Instruments, UK) and Zetasizer soware. Samples were diluted to 2 mg mL À1 using
Milli-Q water and were transferred to a semi-micro polystyrene disposable cuvette (VWR, USA). For each sample, 5 measurements consisting of at least ten, 10 s long runs were taken. Samples were run at 25 C with 180 s equilibration time before measurement. For each measurement, the Z-average hydrodynamic diameter was calculated. The mean Z-average size of 5 measurements AE standard deviation was reported for each sample.
AFM imaging of BNNTs
For the systematic characterization of the BNNT-1 RM, AFM imaging was applied to obtain the morphology of the nanotubes. In order to acquire a statistically meaningful number of height/topography images for prole analysis, a detailed procedure was followed (see the ESI †). First, dispersions of BNNT-1 samples (0.2 mg mL À1 ) were centrifuged for 1 h at 1500g. Next, 75 mL of the supernatant was spin-coated onto a freshly cleaved 1 cm Â 1 cm square mica substrate. Finally, AFM images were recorded using both a NanoWizard II BioAFM (JPK Instruments, Germany) mounted on an Olympus IX81 inverted microscope (Olympus Corporation, Japan) and a MultiMode NanoScope V with a PeakForce QNM mode (Bruker Nano Surfaces Division, Santa Barbara, CA, USA). Images with 5 mm Â 5 mm, 8 mm Â 8 mm and 10 mm Â 10 mm size were processed and analyzed using both Gwyddion 2.51 (Czech Metrology Institute, Czech Republic) and DNA Trace soware (LPMV, Switzerland). Selection of probes and further image processing procedures are described in the ESI. †
Cell culture
All cells were maintained at 37 C in an incubator with 5% CO 2 and 95% relative humidity. NB4 (human peripheral blood), HepG2 (human liver epithelium) and U87 (human primary glioblastoma epithelium) cells were cultured in Gibco DMEM supplemented with 9% Gibco fetal bovine serum (FBS) and 1Â Gibco penicillin-streptomycin. A549 (human lung epithelium) cells were cultured in Gibco F12K medium with 9% FBS and 1Â Gibco penicillin-streptomycin. Cells were passaged once to twice a week depending on conuency. Cell media, FBS and penicillin-streptomycin were purchased from Life Technologies (USA) and cells were purchased from Cedarlane Laboratories (Canada). Cor.At cardiomyocytes were thawed and plated onto sterile glass 35 mm Â 10 mm dishes (Electron Microscopy Sciences, Hateld, PA, USA) according to the protocol provided by the cell provider with slight modications. Cells and culture medium were purchased from nCardia (Germany). More information can be found in the ESI. †
Cell toxicity assays
For cytotoxicity testing, the WST-
Abcam, CBG, UK) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma Aldrich, WI, USA) assays were carried out in clear 96-well, at bottom plates (Fisher Scientic, ON, Canada). For cell toxicity measurements, the 0.5 mg mL À1 BNNT-1 dispersion was diluted to the desired concentrations using cell culture media, with all wells containing a nal PEI concentration of 0.001 wt%. Aer incubating for 24 h in a humidied incubator at 37 C with 5% CO 2 and 95% relative humidity, the plates were treated with the assay reagent. Following an additional 4 h incubation period, the optical density of the plates was read using a FLUOstar Omega microplate reader (BMG Labtech, Canada) at the appropriate wavelength as per the assay protocol (see the ESI †). At least 2 plates with 6 wells each per concentration were tested for each material and cell line. Additional details for the MTT assay and experimental setup can be found in the ESI. †
Monitoring beating behavior of cardiomyocytes
A JPK AFM-optical microscope system with DNP-S10 probes (cantilever B, $0.12 N m À1 , Bruker AFM Probes, Camarillo, CA, USA) was used to record the beating patterns of Cor.At cardiomyocytes. The cells were maintained at 36 to 37 C using a Peltier heating/cooling device throughout the duration of the experiments. The temperature was monitored using a thermocouple thermometer. Time traces with one to two minutes of duration were collected on each cell. 29 More information on data collection and analysis can be found in the ESI. †
Results and discussion
Dispersion of BNNT-1 in aqueous medium
To date, it has not been possible to obtain stable aqueous dispersions of BNNTs at high concentrations without surface or chemical modication. It is essential for cytotoxicity studies, as well as various biological applications, that stable, concentrated dispersions of BNNTs are reproducibly prepared. In the present study, branched PEI (molar mass of 750k) was selected to disperse BNNT-1 as it has been previously demonstrated to be an effective dispersant and minimally toxic at relevant concentration.
18,33 The cytotoxicity of PEI was evaluated at different concentrations via the WST-8 assay on a sample cell line, HepG2. At a concentration of 0.001 wt% post 24 h exposure, PEI was observed to be non-toxic as the cell viability decreased by less than 5-10% (Fig. S1 †) . As such, a 0.01 wt% PEI stock solution was used to suspend BNNT-1 at a concentration of 0.5 mg mL À1 , as the PEI concentration would be diluted 10- fold in cytotoxicity studies as per our experimental procedures.
Aer 15 to 20 min of sonication at 45 C, the dispersion was milky white coloured with no apparent particles or clumps (Fig. 1A) . No sedimentation was observed aer leaving the dispersion undisturbed for 24 h (Fig. 1B) . Shorter sonication times failed to produce a stable homogeneous dispersion, and longer sonication times were avoided to minimize the possibility of damaging the integrity of tubes. (More details on effects of longer sonication times can be found in the ESI. †) Due to the high concentration of the dispersion, it was difficult to visually detect sedimentation or precipitation. Therefore, a Turbiscan LAB analyzer was used to quantitatively evaluate the stability of the dispersion. The Turbiscan analysis of the BNNT-1 dispersion revealed a 12% increase (from 22% to 34%) of transmittance across all heights aer 24 h, despite there being no visually detectable change in the outward appearance of the solution (Fig. 1C) . There was no heightdependent variation in the transmittance and backscattering spectra. 34 The most plausible explanation for this observation is that the tubes continued to debundle during the stability analysis and no measurable sedimentation was present. Therefore, the suspension was deemed sufficiently stable and suitable for further characterization and cytotoxicity studies.
In addition to testing the stability of the BNNT-1 dispersion in water, its stability in cell culture media, which is more relevant for cytotoxicity studies, was also measured with a Turbiscan LAB analyzer. 35 At 50 mg mL
À1
, the BNNT-1 dispersion was found to be stable in DMEM cell culture medium at 37 C for 24 h, conrming that it could be used for cytotoxicity studies (more information can be found in the ESI and Fig. S2 †) .
BNNT-1 length and height characterization by AFM
Atomic force microscopy (AFM) imaging and analysis was used to measure BNNT-1 length and height (a more detailed explanation on how the samples were prepared, tubes were selected, and how measurements were performed can be found in the ESI and Fig. S3 †) . A representative height topography image of the entire scan and of a section containing an individual tube are shown in Fig. 2A and B, respectively. The means and medians for independently prepared samples ($300 tubes from each, Fig. S4 and S5 †) are summarized in Table 1 . The length and height results demonstrate that dispersions can be produced reproducibly following the dispersion and characterization protocol. A combined histogram for the length (Fig. 2C) and height (Fig. 2D ) of the three samples was compiled, as well as the combined 2D kernel density plot as a function of BNNT-1 length and height (Fig. 2E) .
This 2D plot serves as a useful tool to visualize potential correlations between the length and height of BNNT-1. From the density plot, it is evident that the highest proportion of tubes are about 300 to 500 nm long with heights of 2 to 3 nm. There is a diagonal spread going up and right from the region of highest density, indicating a positive correlation between tube length and height. While it is possible that tubes with larger diameter (as measured from the AFM height) are also longer, the correlation may also be a result of individual tubes touching each other and unresolved in the AFM images leading to apparently connected tubes being erroneously counted as single tubes. It is also possible that small residual bundles of fewwalled nanotubes present in the images could not easily be distinguished from single tubes with a larger number of walls. There exists a clear lower length and height limit in the 2D density plot. The low height limit stems from the 1 nm minimum height threshold prescribed in the protocol for tubes to be counted. The low length edge is partially a consequence of the limited lateral scale of the AFM images. While in 8 mm Â 8 mm images the number of longer tubes excluded from counting due to crossing an edge of the image could be minimized, it was more difficult to accurately identify and measure extremely short tubes (<50 nm) due to the combination of tip convolution and pixel size (16 nm). Reviewing all the collected images we concluded that there was only a small number of extremely short tubes less than 50 nm long, and thus, not counting them did not signicantly impact the length and height distribution analysis.
Shortening of BNNTs by probe sonication
The length of BNNTs has traditionally been controlled during synthesis. However, as-produced BNNTs tend to be highly polydisperse, as seen in Fig. 2 , and their length is difficult to control. It has been previously proposed that the length of BNNTs may be reduced post-synthesis via sonication.
21,36
To this end, probe sonication was used to shorten the length of BNNT-1. DLS was used to monitor the shortening of BNNTs as the sonication progressed. It should be noted that since Z-average represents an equivalent sphere diameter, it should not be and has not been in this work used as an estimation of the absolute lengths of BNNTs, but merely as a length change indicator approximately proportional to the actual length (as the diameter was largely unchanged during sonication). A dramatic decrease of the Z-average size value with increasing sonication energy was observed at low energies, to slow down at higher energies and effectively plateau at energies above 14.4 MJ g À1 (equivalent to 1 h sonication under the conditions used) ( Tables 2, S2 and Fig. S6A †) . No signicant change with increasing sonication energy was observed for the polydispersity index (PDI), the value of which was in the 0.2 and 0.3 range.
To calibrate the DLS estimation of BNNT-1 length post probe sonication, dispersions sonicated with 14.4 MJ g À1 energy (labeled s-BNNT-1) were imaged by AFM using the same protocol as previously described (note that the samples were separately prepared and different from those presented in Fig. 2 and Table 1 ). Aer sonication, the average length of BNNT-1 decreased from 458 AE 345 nm (n ¼ 312) to 224 AE 129 nm (n ¼ 432) (p < 0.001) (Fig. 3) . The height of the tubes remained essentially unchanged, measuring 3.3 AE 2.4 nm before sonication and 3.4 AE 2.3 nm aer sonication (Fig. S6B †) . This indicates that the high energy sonication did not affect the number of walls of the BNNTs or remove the PEI coating. Further analysis of tubes with heights > 7 nm (Fig. 3D) 21 and observed their in-house produced BNNTs shortening from 5 to 10 mm to a post-sonication length of 460 nm. Our BNNT-1 nanotubes were reduced to a length of $200 nm using a 10 W probe sonication for 1 h, indicating that more signicant cutting is possible using probe sonication.
Tracking the shortening of BNNT-1 over time using DLS, we observed that Z-average as a function of sonication energy can be approximately described using a power law or an exponential function (Fig. S6A †) . Lee et al. have observed similar dependence using bath sonication for a prolonged time (>30 h). 21 In our previous work on graphene oxide sonication, we also observed exponential or power law dependence of size as a function of sonication energy. [37] [38] [39] In Fig. S6 , † the rapid decrease of Z-average size with sonication energy at low energies can be mainly attributed to fragmentation of small bundles and aggregates of nanotubes. Subsequent much slower variation at sonication energies greater than $5 MJ g À1 likely results from nanotube fragmentation caused by a combination of shear force, ultrasonic cavitation and radical formation on nanotube walls.
21
The sample corresponding to the AFM image and the histogram shown in Fig. 3B and D, respectively, was sonicated with 14.4 MJ g À1 energy. In order to examine the effects of higher sonication energy on BNNT-1 length, another sample was sonicated with 28.8 MJ g À1 and the size was measured using DLS and AFM (Fig. S6C †) . It was apparent that doubling the sonication energy did reduce the length of BNNTs, but at most, by just a few percent. The breaking apart of BNNT-1 into nanoribbons previously reported by Liao et al. was also not observed.
36
A second PEI polymer with a smaller molar mass (25k) was also applied to modify both BNNT-1 and s-BNNT-1 samples. Less stable dispersions (BNNT-1/25k PEI and s-BNNT-1/25k PEI) were obtained relative to the suspensions prepared with 750k PEI. However, upon conducting AFM imaging, it was observed that the length distributions (Fig. S7 †) were very similar.
BNNT-1 and s-BNNT-1 cytotoxicity analyzed by WST-8 assay
As BNNTs have shown promise for many biomedical applications, it is vital that their biocompatibility is thoroughly analyzed. Since physical changes to BNNTs can affect their cytotoxicity, 18, 22, 26, 27 it was crucial that BNNT-1 was wellcharacterized before testing and that multiple cell lines and assays are used to measure the cytotoxicity. The relationship between the physical characteristics of BNNT-1 and its cytotoxicity, especially size, was probed by comparing the cytotoxicity of BNNT-1 and s-BNNT-1. A variety of metabolic assays were evaluated for their suitability to test BNNT-1 toxicity: WST-8, MTS and MTT. These three assays were tested on the HepG2 cell line with various BNNT-1 concentrations ranging from 0 to 50 mg mL
À1
. These assays involve the reduction of a tetrazolium reagent by metabolically active cells to a coloured formazan. The concentration of formazan can be quantied by measurement of absorbance. The absorbance values can then be used to determine the number of metabolically active cells relative to control, which translates into the viability of the cells. The WST-8 and MTS assays showed similar results, with cell viabilities of about 70% for the highest concentration of BNNT-1 (Fig. S8 †) . However, the MTT assay showed drastically different results, with a sharp viability decrease to 30% at 10 mg mL À1 BNNT-1, followed by a further decrease at a much smaller rate to 20% at 50 mg mL À1 (Fig. S8 †) .
This difference was attributed to an additional solubilisation step in the MTT assay. While the WST-8 and MTS assays produce a water-soluble formazan when reduced, MTT produces a waterinsoluble formazan that must be solubilized with DMSO. This necessitates the removal of the cell media along with the suspended BNNTs. It is possible that formazan crystals adsorbed onto the suspended BNNTs and subsequently were removed from the cell culture wells before they could be solubilized. This would lead to a low absorbance measure, and consequently, result in a low cell viability calculation. Another group has also reported interference with the MTT assay using BNNTs. 40 As a result, the MTT assay was not deemed suitable for cytotoxicity testing and the WST-8 assay was used for all subsequent tests due to its ease of use, high sensitivity, and reproducibility.
The four selected cell lines represent different human tissues: HepG2, liver; A549, lung; NB4, peripheral blood; and U-87 MG, brain. Of the four, only the NB4 cells are suspension cells; the other three are adherent. All cell lines exhibited no or minimal toxicity to the PEI control (Fig. 4 , 0 mg mL À1 BNNT-1 treatments are 0.001 wt% PEI controls). BNNT-1 and s-BNNT-1 were observed to be non-toxic to A549 cells as the cells remained $100% viable for all concentrations studied. s-BNNT-1 was non-toxic at all concentrations tested for the U-87 MG and HepG2 cells, while the viability decreased to $75% with the treatment of BNNT-1 at 25 mg mL À1 , with no further change in viability at 50 mg mL À1 . NB4 cells showed the highest sensitivity to the materials under study, reaching 60% viability when treated with 50 mg mL À1 BNNT-1 and 65% with s-BNNT-1.
However, s-BNNT-1 was only observed to exhibit cytotoxicity at 25 mg mL À1 and above, while BNNT-1 was observably cytotoxic at all tested concentrations (Fig. 4) . Many factors have been shown to affect the cytotoxicity of BNNTs, most notably aspect ratio, purity and coating. 18, 22, 26, 27 Unfortunately, many groups have omitted the physical characteristics of BNNTs, such as number of walls, length and height, making it difficult to compare results across groups and determine which properties play key roles in cytotoxicity. There are a few studies suggesting that the cytotoxicity of BNNTs is cell-line and size-dependent, with nanotubes greater than 1 mm in length exhibiting higher toxicity than the short length tubes. 22, 41, 42 In our study, BNNT-1 exhibited greater cytotoxicity than s-BNNT-1 for all cell lines except for A549, for which both materials were nontoxic. Since s-BNNT-1 was produced from the same material as BNNT-1, it can be concluded that shorter BNNTs are less cytotoxic. In particular, it was noted that BNNT-1 contained a significant proportion of tubes longer than 1 mm, while s-BNNT-1 did not possess such long tubes (Fig. 3) . It is possible that the long nanotubes are responsible for the bulk of the cytotoxic effects observed. Our results suggest that BNNTs exhibit size-dependent cytotoxicity, with shorter tubes imparting less cytotoxic effects, which is in line with the studies previously mentioned. This nding is slightly counterintuitive as one may assume that smaller nanomaterials are more likely to be internalized within a cell or interact more easily with cells. However, it has been recently found that high-aspect ratio "long-bres" such as CNTs that are biopersistent pose an asbestos-like hazard.
43, 44 The cytotoxicity of BNNT-1 was also shown to be cell-line dependent, as different cell lines reacted differently to BNNT-1 exposure. Of particular note was that NB4, being the only suspension cell line, exhibited the highest sensitivity to BNNTs of all the cell lines tested. This is likely due to a larger surface area being available for interaction with the nanomaterial, resulting in more instances of internalization or interactions with the cell membrane. This trend was also observed in our previous studies on graphene oxide cytotoxicity. 38, 39 BNNT-1 and s-BNNT-1 cytotoxicity on Cor.At cardiomyocytes Traditional viability assays can only provide toxicity information based on cell death. To overcome this limitation of the aforementioned cytotoxicity tests, a new cytotoxicity assay using cardiomyocytes combined with AFM measurement was developed. This assay was recently established by our group and uses AFM to directly measure the beating pattern of cardiomyocytes aer exposure to a material of choice. 29 Variations in beat frequency and amplitude, as well as visual appearance, can be used as an indication of cytotoxicity. The method was previously tested and veried using the heart medications isoproterenol, nifedipine and sotalol and was found to be in good agreement with other techniques such as patch clamp and MEA.
29 While AFM has previously been used on cardiomyocytes to probe small molecule toxicity, 29, 31 we have shown that this assay can also be used to effectively evaluate the cytotoxicity of nanomaterials.
Unlike many colorimetric cytotoxicity measurements which only distinguish between living and dead cells, the AFM based cardiomyocyte assay allows for cells to be observed at intermediate levels of health. As a result, this is a dynamic model with living cells that is more relatable to in vivo conditions than traditional assays. In our previous publication, we demonstrated that Cor.At murine iPSC-derived cardiomyocytes exhibited stable, homogeneous beating patterns for up to 10 days aer initial culture. 29 All measurements were therefore performed between 3 and 10 days post-plating. For each individual cell, the time interval between peaks in the AFM trace was extracted and taken as the beat interval. The average beat interval and standard deviation were calculated for each cell. The standard deviation was used as an indicator of irregularity in the beating pattern, as cardiomyocytes that beat irregularly will have more variation in beat frequency. In addition to the quantitative beating data, each cell was sorted into one of three categories of health by visual inspection. Cor.At cells treated with 0.001 wt% PEI for 24 h vs. untreated cells showed few differences. As demonstrated in Fig. S9A , † the proportion of Category 1 cells treated with PEI dropped by 15% and no cells were observed in Category 3. There was no significant difference in the standard deviations of beating intervals between the PEI-treated cells and cells that received no treatment (Fig. S9B , † see their mean values in Fig. 7A and B) . It was determined that this level of cytotoxicity imparted by PEI was acceptable for further tests with BNNT-1.
Furthermore, Cor.At cells were treated with varying concentrations of BNNT-1 or s-BNNT-1 with 0.001 wt% PEI for 24 h. At 5 mg mL À1 , the proportion of Category 1 cells dropped by 17% and 4% for BNNT-1 and s-BNNT-1, respectively, compared to the 0.001 wt% PEI control (Fig. 6A) . Higher cytotoxicity at 20 mg mL À1 and 50 mg mL À1 is observed, with ca. 10% to 25% of cells remaining in Category 1, 70% to 80% of cells in Category 2 and 0% to 10% in Category 3 for both materials. When comparing BNNT-1 to s-BNNT-1 at 5 mg mL À1 and 20 mg mL À1 , it can be observed that s-BNNT-1 tended to be less cytotoxic than BNNT-1, with more cells in Category 1 (Fig. 6A) . Cor.At follows a similar toxicity prole to NB4 (Fig. 4C) in that s-BNNT-1 is less cytotoxic at low concentrations, but at higher concentrations, the cytotoxicity of the two materials is similar. As with the metabolic assays, concentration-dependent cytotoxicity was observed. Another advantage of using AFM is being able to instantaneously observe cells without having to incubate with additional chemical reagents. This allows for toxicity measurements to be taken minutes aer exposure to a material, rather than aer days or hours as with a traditional metabolic assay. To observe the time dependent toxicity of BNNTs, cardiomyocytes were observed using AFM 15 min, 2 h, and 24 h aer exposure to 50 mg mL À1 BNNT-1 and s-BNNT-1 (Fig. 6B) . The 2 h time period showed a similar toxicity prole when compared to the 24 h time period for the same material, indicating that toxicity appears to be exerted within the rst 2 h aer exposure to the material. For both materials, the 24 h time period showed the largest numbers of Category 3 cells. This was likely because the visual signs of cell damage needed time to manifest. Aer 15 min and 2 h, most cells had a healthy visual appearance, but some cells had an irregular beating pattern, which would place them in Category 2. Interestingly, aer 15 min of s-BNNT-1 or BNNT-1 treatments, Cor.At cells exhibited more irregular beating behaviors than the PEI control (Fig. 6B) , indicating some shorter length tubes may interact with cells faster than the longer tubes. Using the categorization of cells as an indicator of toxicity as previously described (Fig. 6 ), it is difficult to conrm whether or not BNNT-1 is more toxic than s-BNNT-1, as suggested by the WST-8 assay (Fig. 4) . However, when the standard deviations in beat frequency for individual cells are presented in a graph, an interesting trend can be observed. Aer 24 h treatment with 50 mg mL À1 BNNT-1 or s-BNNT-1, the s-BNNT-1 treated cells had a similar spread to the PEI control, while the BNNT-1 treated cells had a much wider distribution (Fig. 7) . Detailed beat interval distributions for individual representative cells can be found in the ESI (Fig. S10 †) . This trend was also observed at different time points and different concentrations (Fig. S11 †) . It is evident that the longer BNNT-1 had a higher chance of greatly affecting the beating pattern of the cardiomyocytes. Combined with the counting data from the categorization, it may be concluded that while a similar number of cells are affected by treatment with BNNT-1 and s-BNNT-1, the longer tubes have a larger effect on the cells. The cytotoxicity trends observed in the traditional assays match those observed in the cardiomyocyte assays, namely the concentration and size dependent cytotoxicity. It is important to note that all cells observed using the AFM-cardiomyocyte assay were still living, compared to traditional metabolic assays, which only distinguish between living and dead cells based on the metabolic activity level of the population of the cells.
The AFM assay method allowed us to measure cells in intermediate levels of health: cells with irregular beating patterns. BNNT-1 treated cells were observed to have more irregular beating patterns relative to the PEI control and the s-BNNT-1 treated cells (Fig. 7) . This matches the trend observed with the traditional assays, where s-BNNT-1 was observed to be less toxic than BNNT-1. However, whereas s-BNNT-1 was shown to be largely non-toxic using traditional assays, the cardiomyocyte assay showed it to have observable effects on the living cells. With a smaller molar mass PEI-25k, treatments of BNNT-1/25k PEI and s-BNNT-1/25k PEI followed similar observed effects on Cor.At cardiomyocytes (see Fig. S12 †) . The mechanism of cytotoxicity of BNNTs is unclear. Although we were unable to observe BNNTs by optical microscopy (due to their transparency in visible light), it is unlikely that BNNT-1 nanotubes were settling on the cardiomyocytes to physically impair their beating. Multiple groups have previously noted that BNNTs are easily internalized by most types of cells, with phagocytes exhibiting the highest level of cytotoxicity. 22, 26 Ciofani et al. demonstrated that endocytosis is the most likely pathway of internalization for PEI-coated BNNTs. 18 Further studies with longer exposure times and imaging analysis should seek to elucidate the exact mechanism of cytotoxicity and how the size of BNNTs plays a role in said mechanism.
Conclusion
The essential requirement, namely a stable aqueous dispersion with high concentration (0.5 mg mL À1 ), for morphology characterization and cytotoxicity assessment of boron nitride nanotubes was realized by using a polymer modication in both water and cell media. The stability has been demonstrated using multiple light scattering analysis for at least 24 h at 37 C.
A correlated height and length distribution of reference material BNNT-1 was determined. BNNT-1 length was manipulated by high energy probe sonication and characterized by DLS and AFM. A recently developed cardiomyocyte-AFM assay was applied to assess the cytotoxicity of BNNT-1 and a sonicated, shortened sample (s-BNNT-1), which was in good agreement with multiple traditional metabolic assays using multiple cell lines. The unique capability of this newly developed AFM-based cardiomyocyte assay is to monitor the transitioning from a healthy state (with regular rhythm) to irregular arrhythmia beating behaviors, caused by treatment with drugs or nanomaterials. In both methods, BNNT-1 was revealed to be more toxic than s-BNNT-1, indicating that the size of BNNT-1 plays a signicant role in its cytotoxicity.
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